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Antibody-dependent enhancement (ADE) is implicated in severe, usually secondary, dengue virus (DV)
infections. Preexisting heterotypic antibodies, via their Fc-gamma receptor (Fc�R) interactions, may increase
disease severity through enhanced target cell infection. Greater numbers of infected target cells may contribute
to higher viremia and excess cytokine levels often observed in severe disease. Monocytes, macrophages, and
immature and mature dendritic cells (DC) are considered major cellular targets of DV. Apheresis of multiple
donors allowed isolation of autologous primary myeloid target cell types for head-to-head comparison of
infection rates, viral output, and cytokine production under direct infection (without antibody) or ADE
conditions (with antibody). All studied cell types except immature DC supported ADE. All cells undergoing
ADE secreted proinflammatory cytokines (interleukin-6 [IL-6] and tumor necrosis factor alpha [TNF-�]) at
enhancement titers, but distinct cell-type-specific patterns were observed for other relevant proteins (alpha/
beta interferon [IFN-�/�] and IL-10). Macrophages produced type I interferons (IFN-�/�) that were modu-
lated by ADE. Mature DC mainly secreted IFN-�. Interestingly, only monocytes secreted IL-10, and only upon
antibody-enhanced infection. While ADE infection rates were remarkably consistent in monocytes (10 to 15%)
across donors, IL-10 protein levels varied according to previously described regulatory single nucleotide
polymorphisms (SNPs) in the IL-10 promoter region. The homozygous GCC haplotype was associated with
high-level IL-10 secretion, while the ACC and ATA haplotypes produced intermediate and low levels of IL-10,
respectively. Our data suggest that ADE effects are cell type specific, are influenced by host genetics, and,
depending on relative infection rates, may further contribute to the complexity of DV pathogenesis.

Dengue is the most common arboviral infection worldwide
and is a major public health threat in tropical and subtropical
regions (37). Clinical dengue virus (DV) infection ranges from
asymptomatic or mild illness to life-threatening diseases, in-
cluding dengue hemorrhagic fever and dengue shock syndrome
(DHF/DSS) (19). One proposed pathogenic mechanism con-
tributing to disease severity is antibody (Ab)-dependent en-
hancement (ADE) (6, 15, 17). ADE was initially defined in the
laboratory as subneutralizing concentrations of antibody that
enhance virus infection of target cells. Dengue antibodies
likely bring the virus-antibody complex into close proximity
with the cell surface Fc receptors (FcRs) that, in turn, facilitate
viral entry. Various myeloid cell types, including monocytes
(22), macrophages (MACs) (34), dendritic cells (DC) (30, 55,
58), mast cells (2), and hepatocytes (20, 52), support direct
infection of DV. ADE effects were extensively explored in vitro
in monocytes and macrophages with baseline infection ranges
of �1% and antibody-enhanced infections of 3 to 10% (16, 22,
24, 30). We previously reported that both stages of dendritic

cells, immature and mature DC, support the highest levels of
direct DV infection (20 to 50% infection without antibody) (1,
30, 39). Furthermore, in the presence of subneutralizing con-
centrations of dengue antibodies, enhancement was observed
only in mature dendritic cells, an effect largely mediated by
Fc-gamma receptor IIa (Fc�RIIa) (1).

In this study, we systematically and contemporaneously ex-
plore ADE in the following autologous myeloid cells: mono-
cytes, macrophages, immature DC (iDC), and mature DC
(mDC). We report both qualitative and quantitative differ-
ences in ADE effects in each cell type, including infection
rates, viral output, and cellular immune responses. Since im-
munomodulatory cytokines likely influence disease severity
(4), we investigated the cytokine patterns produced from these
cells as they undergo ADE. High levels of interleukin-6 (IL-6)
and tumor necrosis factor alpha (TNF-�) were released from
all cell types under ADE conditions, but distinct patterns of
type I interferons (IFNs) and IL-10 were observed for each cell
type. Of all cells studied here, we observed IL-10 production
only in monocytes undergoing ADE. IL-10 levels were maxi-
mal at peak enhancement titers (PENT). We noted similar
patterns of IL-10 secretion between donors but observed large
variations in the amounts of released protein. We observed an
ADE-associated IL-10 secretion pattern but noted some vari-
ability in the magnitudes of protein levels detected between
donors. Using restriction fragment length polymorphism
(RFLP) and sequencing techniques, we identified an associa-
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tion between known IL-10 promoter polymorphisms and the
levels of IL-10 production in these in vitro ADE studies. Our
data suggest that antibody-dependent DV infection and repli-
cation trigger distinct responses in different human primary
target cells that are genetically regulated and potentially linked
to clinical disease outcome.

MATERIALS AND METHODS

Virus. The Burma DV-2 isolate S16803 was used for all experiments. The
preparation and titers of virus stock were described previously (55). Briefly, the
dengue virus 2 strain S16803 was grown in an African green monkey Vero cell
line (American Type Culture Collection), and cell-free supernatants with titers
of 106 to 107 PFU/ml were used as virus stocks.

Primary human myeloid cells. An Institutional Review Board-approved clin-
ical protocol was used for apheresis of normal healthy donors after provision of
informed consent, thereby providing large numbers of peripheral blood mono-
nuclear cells (PBMC) from multiple (n � 20) donors. Apheresis products were
diluted with phosphate-buffered saline (PBS) and layered over Ficoll-Hypaque to
isolate the PBMC. The mononuclear cells were washed extensively with large
volumes of PBS in order to minimize platelet contamination. PBMC isolated
from leukapheresis of healthy donors were cryopreserved, allowing repeat ex-
periments.

Monocyte isolation. Primary human monocytes were prepared using a Dynal
monocyte negative isolation kit (Invitrogen, Carlsbad, CA) according to the
manufacturer’s instructions. Briefly, 107 PBMC were incubated with blocking
reagent and antibody mixture for 10 min at 2 to 8°C. Depletion Dynal beads were
incubated with the PBMC for 15 min at 2 to 8°C. The labeled cells were removed
with a magnet (Dynal MPC), leaving purified monocytes (90 to 95% CD14� as
determined by flow cytometry).

Monocyte-derived macrophages. PBMC were cultured as described previously
(31), with some modifications. PBMC (2 � 106) were adhered to 24-well tissue
culture plates for 60 min. After several washes, adherent cells were cultured in 2
ml of complete medium (CM; RPMI medium supplemented with 10% heat-
inactivated fetal calf serum (Gemini Bio-Products, Sancramento, CA), 2 mM
L-glutamine, 100 U/ml penicillin, and 100 �g/ml streptomycin (Quality Biologi-
cal, Gaithersburg, MD) containing 50 ng/ml recombinant human macrophage
colony stimulation factor (rhM-CSF; Peprotech, Inc., Rocky Hill, NJ) to allow
differentiation into macrophages. On day 5, rhM-CSF (1 ml at 50 ng/ml) was
added to the culture. The macrophages were harvested for experiments on day
6. The phenotypes of all macrophages were confirmed by flow cytometry before
use. CD163 (hemoglobin-haptoglobin complex scavenger receptor) was used as
a specific marker for macrophages (58).

Monocyte-derived dendritic cells. Dendritic cells were cultured from mono-
cytes as described previously (1). PBMC were adhered to tissue culture plates for
60 min, and after several RPMI medium washes, adherent cells were placed into
10 ml of complete medium (CM) with 2 � 104 U/ml recombinant human
granulocyte-macrophage colony-stimulating factor (rhGM-CSF; Peprotech,
Rocky Hill, NJ) and 2 � 104 U/ml recombinant human interleukin-4 (rhIL-4)
(R&D Systems, Minneapolis, MN) for 7 days at 37°C with 5% CO2. On day 6, 50
�l of MCM mimic (15 �g/ml IL-6 [Peprotech], 500 ng/ml IL-1�, 500 �g/ml tumor
necrosis factor alpha [TNF-�] [Sigma, St. Louis, MO], 100 �g/ml protaglandin
E2 [Cayman Chemical, Ann Arbor, MI]) was added to mature the cells. The
phenotypes of all DC were confirmed by flow cytometry before use. Note that
DC lack CD3, CD19 or CD20, and CD14 but express high levels of CD11c,
HLA-DR, and DC-SIGN. Mature cells additionally express CD25, CD83, and
CD86 but much lower levels of DC-SIGN, as previously reported (55).

Flow cytometry. A FACSCalibur instrument (BD Bioscience, San Jose, CA)
was used to monitor cell surface staining with a panel of phycoerythrin-conju-
gated monoclonal antibody (MAb) to HLA-DR, CD80, CD86, CD3, CD14,
CD20, CD25, CD1a (BD Biosciences, San Jose, CA), CD83 (Beckman Coulter,
Fullerton, CA), fluorescein isothiocyanate (FITC)-conjugated CD163 (Acris An-
tibodies GmbH, Herford, Germany), and FITC-conjugated Factor XIIIa (En-
zyme Research Laboratories, Inc., South Bend, IN). Fc�R surface staining was
performed using phycoerythrin (PE)-conjugated CD16 (BD Biosciences, San
Jose, CA), Alexa 467-conjugated CD32a (clone IV.3; ATCC, Manassas, VA),
FITC-conjugated CD32b (clone 2B6, kindly provided by Macrogenics, Rockville,
MD), and FITC-conjugated CD64 (BD Biosciences, San Jose, CA). For detec-
tion of intracellular de novo DV protein production, cells were permeabilized
with Cytofix/Cytoperm (BD Biosciences, San Jose, CA) and stained with 2H2
(anti-DV prM MAb, kindly provided by Robert Putnak, WRAIR, Silver Spring,
MD) at 48 h postinfection. For intracellular staining of adherent cells (macro-

phages), the cells were treated with 500 �l Accutase (Innovative Cell Technol-
ogy, Inc., San Diego, CA) for 15 min at 37°C. These cells were washed twice with
PBS before being stained for cell surface markers or intracellular staining. The
cell phenotypes were confirmed by flow cytometry before use in the ADE assay.

ADE assay. The ADE assay was performed as described previously (1), using
polyvalent dengue virus-immune serum obtained from the Pediatric Dengue
Vaccine Initiative (PDVI) in all experiments. The dengue virus-immune serum
was tested in a plaque neutralization assay and found to neutralize all four DV
serotypes (DV-2 50% plaque reduction neutralization test [PRNT50] 	 10,199;
PDVI, personal communication). Briefly, DV-immune serum was serially diluted
from 1:10 to 1:163,840 in a volume of 50 �l. Virus, at a multiplicity of infection
(MOI) of 1, unless otherwise noted, was placed into the antibody dilution tubes
for 60 min at 37°C with 5% CO2 to allow immune complex (IC) formation. The
contents of each tube were then added to 0.5 � 106 cells and incubated for 2 h.
The cells were washed with CM to remove excess DV-immune complexes. The
cells were resuspended in CM and incubated for an additional 48 h. For adherent
cells (macrophages), the ICs were overlaid on a macrophage monolayer and
incubated for 2 h. The ICs were pipetted off and discarded from the monolayer.
The attached monolayer was then carefully rinsed with CM to remove residual
ICs. Finally, 500 �l of CM was added to the monolayer and incubated for an
additional 48 h (unless otherwise noted).

Viral RNA quantitation. Quantitative real-time PCR (qRT-PCR) was per-
formed using primers, probes, RNA standards, and conditions described previ-
ously (1). Briefly, viral RNA was extracted from culture supernatant using a
QIAamp viral RNA kit (Qiagen, Velencia, CA). Amplification was performed
using an ABI prism 7500 detection instrument (Applied Biosystems, Foster City,
CA). The reverse transcription-PCR thermal cycles were performed as follows:
50°C for 30 min and 95°C for 15 min, followed by 40 cycles of 95°C for 15 s and
60°C for 1 min. RNA copy numbers were calculated from a standard curve
generated by an in vitro-transcribed RNA standard.

Plaque assays. The Vero cell plaque assay was used to determine infectivity
and viral titer as previously described (1, 10). Six 10-fold serial dilutions (10
1 to
10
6) from each supernatant sample were incubated in quadruplicate wells of a
6-well plate containing confluent Vero cells. Virus was absorbed for 1 h, and the
Vero monolayer was overlaid with complete minimal essential medium (Cellgro,
Manassas, VA) containing low-melting-temperature agarose (Invitrogen, Carls-
bad, CA) to restrict dissemination of progeny virions. The cells were incubated
for 5 days and overlaid with the vital stain neutral red (Sigma, St. Louis, MO).
Plaques were counted by visual inspection at 24 h to calculate the number of
PFU of DV/ml of supernatant.

Quantitation of type I interferons (IFN-� and IFN-�). Cellular production of
IFN-� and IFN-� were measured using commercial enzyme-linked immunosor-
bent assay (ELISA) kits (PBL InterferonSource, Piscataway, NJ) according to
the manufacturer’s specifications. Briefly, duplicate samples were diluted 1:2 in
dilution buffer, and duplicate 6-and 7-point standards for rhIFN-� (156 to 5,000
pg/ml) and rhIFN-� (25 to 2,000 pg/ml), respectively, were added to the assay
plate and incubated at room temperature for 1 h. The plates were washed, and
then IFN-�- or IFN-�-specific antibody was added for 1 h. After 3 washes, the
horseradish peroxidase (HRP)-conjugated secondary antibody was added and
incubated for 1 h. The plates were washed, and then 100 �l of tetramethylben-
zidine (TMB) substrate was added for 15 min. Next, 100 �l of stop solution was
added, and the plates were analyzed using a microplate reader (Molecular
Devices, Sunnyvale, CA) at 450 nm within 5 min of stopping the reaction.

Quantitation of cytokines using a multiplex assay. Cytokines produced by the
myeloid cells during ADE assays were quantified from supernatants using the
Q-Plex human cytokine infrared (IR) array (Quansys Biosciences, Logan, UT)
according to the manufacturer’s protocol. Samples were run in triplicate and
diluted 1:2 in sample dilution buffer, and duplicate 8-point standards curves were
added to the plate and incubated at room temperature for 1 h. Following 3
washes, the plate was incubated with detection reagent for 1 h. After additional
washes, IRDye800CW streptavidin was added to the plate for 15 min. The plate
was washed again, followed by a rinse with deionized water (diH2O). Images
were taken with an Odyssey infrared imaging system (Li-Cor Biosciences, Lin-
coln, NE) and analyzed using Quansys Q-view Plus software (Quansys Bio-
sciences).

Determination of IL-10 promoter polymorphisms. Three biallelic IL-10 pro-
moter polymorphisms, at positions 
1082 (G/A), 
819 (C/T), and 
592 (C/A),
were detected by a PCR-restriction fragment length polymorphism (PCR-RFLP)
method described previously (56). Amplifications of the fragment spanning po-
sition 
1082 were performed by PCR using forward primer 5�-CTC GCT GCA
ACC CAA CTG GC-3� and reverse primer 5�-TCT TAC CTA TCC CTA CTT
CC-3�. The resulting 139-bp PCR products were digested with MnlI (New En-
gland Biolabs, Ipswich, MA), yielding 33-bp and 106-bp fragments only when G
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was present. A 209-bp fragment spanning position 
819 was amplified using
forward primer 5�-TCA TTC TAT GTG CTG GAG ATG-3� and reverse primer
5�-TGG GGG AAG TGG GTA AGA GT-3�. Digestions using MaeIII (Roche
diagnostic GmbH, Penzberg, Germany) yielded 125 bp and 84 bp only when C
was present. Amplifications of the 412-bp fragment spanning position 
592 were
performed using forward primer 5�-CCT AGG TCA CAG TGA CGT GG-3� and
reverse primer 5�-GGT GAG CAC TAC CTG ACT AGC-3�. The presence of an
RsaI (New England Biolabs, Ipswich, MA) yielded 176 bp and 236 bp when A
was present. The PCRs were performed with 50-�l reaction volumes that con-
tained 100 ng genomic DNA. The reaction mixtures were subjected to a first
cycle at 94°C for 5 min, followed by 40 cycles of 30 s at 94°C and 45 s at 58°C for
position 
1082 (A/G), 59°C for position 
819 (T/C), and 62°C for position 
592
(A/C) and a final elongation at 72°C for 1 min.

Stimulation of monocytes with LPS for measurement of IL-10 levels. Mono-
cytes (0.5 � 106) were stimulated with Ultrapure lipopolysaccharide (LPS) from
Escherichia coli K-12 (InvivoGen, San Diego, CA) at concentrations of 1, 10, and
100 ng/ml. Supernatants were harvested 24 h after stimulation and subjected to
cytokine analysis.

Relative quantitation of IL-10 mRNA. In a subset of samples, IL-10 mRNA
was measured as described previously (27). qRT-PCRs were carried out with a
25-�l final volume, using the following reaction mixture: 400 nM forward and
reverse IL-10 primers (IL-10_forward, 5�-TCA AGG CGC ATG GAA CTC-3�;
IL-10_reverse, 5�-CGG CCT TGC TCT TGT TTT C-3�) and 75 nM 6-carboxy-
fluorescein [FAM]-labeled IL-10 probe (FAM-CGG CGC TGT CAT CGA TTT
CTT CC-Black Hole Quencher [BHQ]) (Sigma, St. Louis, MO). GAPDH (glyc-
eraldehyde-3-phosphate dehydrogenase) was used as an internal gene control in
the reaction. The thermal cycle conditions were 49°C for 45 min and 95°C for 10
min, followed by 40 cycles of 95°C for 30 s and 60°C for 2 min.

UV-irradiated DV preparation. The DV stock was placed into a petri dish and
exposed to short-wavelength UV light (540 nm) for 20 min (1). The distance
between the petri dish and the UV source was 5 in. Lack of infectivity (�1% of
cells) of UV-irradiated DV was confirmed for a highly susceptible Raji-DC-
SIGN cell line (1).

Blocking of monocyte Fc�Rs. Purified monocytes were pretreated with 10
�g/ml anti-human Fc�RIIa blocking antibody (clone IV.3; ATCC, Manassas,
VA), anti-Fc�RI, anti-Fc�RIII (R&D Systems, Minneapolis, MN), anti-Fc�RIIb
(clone 2B6; kindly provided by Macrogenics, Rockville, MD), or IgG1 control for
1 h at 37°C. Treated cells were washed with complete medium before use in the
ADE assays.

Blocking of IFN-�/� in macrophages. Macrophages cultured on 24-well plates
were pretreated with complete medium containing 104 units/ml of sheep (poly-
clonal) anti-human IFN-� and sheep (polyclonal) anti-IFN-� (Invitrogen, Carls-
bad, CA) for 1 h at 37°C. The treated cells were exposed to the dengue virus-
immune complex for 1 h at 37°C and then washed and resuspended with CM
containing 104 units/ml of blocking antibodies for an additional 48 h at 37°C.

Statistical analysis. All data were analyzed using Prism software (Prism 5;
GraphPad, San Diego, CA) using Student paired t tests. P values of �0.05 were
considered significant.

RESULTS

Isolation and differentiation of primary human myeloid lin-
eage cells. We studied primary human myeloid cells (mono-
cytes, macrophages, and dendritic cells from autologous do-
nors), which were later used as targets for ADE studies.
Macrophages and dendritic cells were differentiated from
freshly isolated monocytes (95% purity) using macrophage col-
ony-stimulating factor (M-CSF) and IL-4–granulocyte-macro-
phage colony-stimulating factor (GM-CSF), respectively. Ex-
pected morphological differences were noted between
monocytes, macrophages, and DC upon culture (data not
shown). Additionally, we used a panel of cell surface markers
(CD11c expressed on myeloid cells, HLA-DR, CD80, CD86,
CD3, CD14, CD20, CD25, CD1a, CD83, CD163, and factor
XIIIa) to distinguish cell types. Figure 1A shows the charac-
teristic phenotypes observed in monocytes, macrophages, iDC,
and mDC. High levels of CD14 were observed on monocytes
and macrophages but not on iDC or mDC. We used CD163

(hemoglobin-haptoglobin complex scavenger receptor) as a
marker to differentiate macrophages from the other myeloid
cells, as it is reported to be the only marker uniformly coex-
pressed by Factor XIIIa� cells but not by CD11c� cells (59).
Dendritic cells and macrophages express dendritic cell-specific
intercellular adhesion molecule 3-grabbing nonintegrin (DC-
SIGN)/CD209 to various degrees (iDC � mDC � MACs).
Unique Fc-gamma receptor (Fc�R) expression patterns were
observed in these primary myeloid cells (Table 1). Monocytes
express high levels of Fc�RIIa (CD32a) and modest levels of
Fc�RI (CD64) and Fc�RIIb (CD32b). Dendritic cells mainly
express Fc�RIIa and Fc�RIIb, which are regulated upon mat-
uration. Interestingly, only macrophages expressed all 4 Fc�Rs
at modest-to-high levels: Fc�RI, Fc�RIIa and IIb, and
Fc�RIII.

Primary human myeloid cells support ADE in DV infec-
tions. Well-characterized autologous primary monocytes, mac-
rophages, iDC, and mDC were subjected to the ADE assay
using the same dengue virus-immune serum and virus stock.
iDC characteristically show high direct-infection rates (30 to
50% of cells) but do not support ADE, while mDC demon-
strate both modest direct infection (10% of cells) and a 2.5-
fold increase in infection (25% of cells) at peak enhancement
titers (Fig. 1B), consistent with our previous reports (1, 55). As
expected, we found low levels of direct infection of both mono-
cytes and macrophages (�0.8 to 2% of cells). However, both
cell types undergo ADE, with �5- to 10-fold enhancement of
cellular infection (5 to 15% of cells) at peak enhancement
titers (Fig. 1B, lower curves). Using quantitative real-time RT-
PCR (qRT-PCR) to analyze supernatants, we next determined
viral production rates from each cell type. As shown in Fig. 1C,
we observed a �3-log increase in viral copy number from
direct infection to peak ADE in mDC, a �2 log increase in
macrophages, and a 1.5-log increase in monocytes (all P values
were �0.05). Note that there was no difference in viral copy
number output from iDC (Fig. 1C) with or without antibody,
consistent with their inability to support ADE. These data
further indicated that mDC released the greatest number of
virions on a per-cell basis when a comparison was made be-
tween direct infections (10% infected mDC released 104.5 cop-
ies/ml) and ADE infections (25% infected mDC released 107.5

copies/ml) relative to other target cells (Fig. 1C). To determine
if the released virions in the supernatants retained infectivity,
we performed traditional plaque assays. Confluent monolayers
of Vero cells were exposed to supernatants collected from each
condition (with or without dengue virus-immune sera) at the
peak enhancement titer in the ADE assays (Fig. 1D). Macro-
phages, monocytes, and mDC showed approximately 1.5- to
2-log increases in viral infectivity under ADE conditions,
whereas no differences in supernatant infectivity were ob-
served in iDC (Fig. 1D). There was concordance between the
results for qRT-PCR and the biological Vero-based plaque
assay, as shown in Fig. 1C and D.

ADE in myeloid cells results in IL-6 and TNF-� production.
We previously reported high levels IL-6 and TNF-� production
in mDC under ADE conditions (1). In this study, similar trends
for IL-6 and TNF-� proteins were generally observed, as
shown in Fig. 2A and B, representing monocytes and macro-
phages, respectively. The levels of these proinflammatory cy-
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tokines often coincided with infection rates observed in the
ADE curves from three representative donors (Fig. 2).

Type I interferons are modulated by ADE of dengue virus.
We measured type I interferons in supernatants from all cells in
the ADE assay. No IFN-�/�s were observed in assays using pri-
mary monocytes as targets (Fig. 3A), either with direct infection
or under ADE conditions. Although both types of DC produced
IFN-�, the IFN-� levels were considerably higher in immature
DC and generally trended with infection levels. Interestingly,
IFN-� levels were often observed only under ADE conditions in
mDC (Fig. 3B and C). Note that IFN-� was not appreciably

TABLE 1. Fc�R expression on primary human monocytes,
macrophages, and dendritic cellsa

Target cell
Expression level of:

Fc�RI Fc�RIIa Fc�RIIb Fc�RIII

Monocyte �� ��� �� �/

Macrophage �� ��� �� ���
Immature DC �/
 ��� �� �/

Mature DC �/
 ��� � �/


a Quantitative expression of Fc�R with specific monoclonal antibodies is de-
noted as follows: �/
, �20% expression; �, 20 to 30% expression; ��, 31 to
60% expression; ���, 61 to 95% cells showing expression.

FIG. 1. Primary human myeloid cells undergoing ADE show higher cellular infection rates, viral output, and infectivity. (A) Phenotype of
primary human myeloid cells distinguishing monocytes, macrophages, and dendritic cells (immature and mature). (B) ADE assays: medium only
(M), dengue virus/no sera (DV), or serial 4-fold dilutions of DV immune serum was premixed with DV (MOI, 1) and added to autologous iDC,
mDC, monocytes, and macrophages. Cells were analyzed by flow cytometry 48 h later for de novo synthesis of DV-prM antigen as defined by
intracellular 2H2 expression. The data are expressed as percents infection along the y axis compared to the level for the no-immune-serum control.
Data represent the means of results from 5 donors. (C) Viral output: Culture supernatants from panel B were collected for qRT-PCR. The data
are expressed on a log scale as viral RNA copy numbers, comparing numbers of copies produced under direct infection (no Ab; “DV”) and
numbers of copies produced at the peak enhancement titer (PENT). All data points shown are means  SD of results from one representative
donor among five donors from experiments performed in triplicate. The results from each group were compared using Student’s t test. ��, P �
0.01; �, P � 0.05. (D) Plaque assays. Culture supernatants from panel B were added to a Vero cell monolayer, and plaque formation was counted
6 days after infection. The data from a representative donor among five donors are shown and expressed as log10 numbers of infectious PFU per
ml. All data points shown are means  SEM for experiments performed in quadruplicate. The results from each group were compared using
Student’s t test. �, P � 0.05.
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detected in DC experiments under any dengue virus infection
conditions (Fig. 3B and C), as previously reported (18).

Interestingly, we noted an inverse relationship between the
IFN-�/� levels and peak enhanced viral infection in macro-
phages with serum dilution (Fig. 4A), suggesting modulation of
type I interferons with ADE in these cells. Next, we conducted
blocking studies using specific anti-IFN-�/� antibodies, as
shown for a representative, donor 1, in Fig. 4B and in tabulated
data from all 3 donors in Table 2. In Fig. 4B, note the signif-
icant increases in DV infection obtained with interferon-block-
ing Abs under non-ADE “direct-infection” conditions (e.g., 0.6
versus 21.5% for DV; P � 0.001). However, at peak enhance-
ment titers, the infection levels are not statistically different in
the presence of IFN-�/� blocking antibodies (1:10,240; 11.5
versus 16%; P 	 0.44). Although, both types of DC produced
IFN-�, the IFN-� levels were considerably higher in immature
DC tracking directly with infection levels. Interestingly, detect-
able levels of IFN-� were generally observed only under ADE
conditions in mDC (Fig. 3B and C). Note that IFN-� was not
detected in DC experiments under any dengue virus infection
conditions (Fig. 3B and C), as previously reported (18).

Input virus titration for comparison of direct and ADE
infection rates. We tried to match direct- and ADE infection
levels in monocytes and macrophages by varying input virus
(MOI) to optimize comparisons of interferon production and
viral output in supernatants. As shown in Fig. 5A, we titrated
DV from an MOI of 1 to an MOI of 50 to “push” direct-
infection levels but could not match the ADE infection at
PENT (MOI, 1) in either monocytes (top) or macrophages
(bottom). Next, we used a two-pronged approach and titrated
down the MOI for the ADE infections (0.1 to 0.001) and used
the maximum MOI of 50 for direct infections (Fig. 5B and

Table 3). Thus, we needed 500 to 50,000 times more input virus
for direct infections to approach ADE infections (Fig. 5B,
black bars). In Fig. 5B, we show infection data under four
different conditions: over a range of serum dilutions (1/40,
1/160, and 1/640) and for the direct infection without sera. The
direct-infection rates (MOI, 50; no sera) ranged from 2.5 to
3.8%, whereas in the presence of serum (MOI, 0.01 to 0.001),
non-PENT infections ranged from 1.7 to 4.5%. For these two
conditions, with reasonably matched infection rates, we found
similar output virus levels in Vero plaque assays and qRT-
PCR, as shown in the top panel of Fig. 5B. Type I interferon
levels were consistently and significantly higher at lower dilu-
tions of serum: 1/40 for donor 1, 1/160 for donor 2, and 1/40 for
donor 3 (see lower panel of Fig. 5B and bolded values in Table
3 under the IFN-�/� columns). Notably, a relatively small
(4-fold) dilution of serum resulted in a maximal doubling of
infection rate at PENT, with a mean of 6.5% (range, 4 to 9%),
with a disproportionately large (2- to 3-log) increase in virus
output by PCR and Vero plaque assays.

Monocytes produce IL-10 under ADE conditions. We ob-
served IL-10 production only in monocytes and only under
ADE conditions. Although macrophages and mDC supported
ADE, neither of these cell types produced IL-10 under any
conditions. Interestingly, the magnitudes of IL-10 levels,
though reproducibly detected, differed between monocyte do-
nors, raising the possibility that this effect was influenced by
genetic polymorphisms. IL-10 promoter polymorphisms at po-
sitions 
1082, 
819, and 
592 (Fig. 6A) were proposed as
common haplotypes known to affect IL-10 production capacity
in individuals (39, 43, 54). We screened 22 donors for the
presence of GCC (frequency, 3/22), ACC (frequency, 3/22), or
ATA (frequency, 3/22) haplotypes using PCR-RFLP (Fig. 6B).

FIG. 2. Enhanced proinflammatory cytokine production in primary human myeloid cells undergoing ADE. Supernatants from ADE assays with
5 donors using 2 different cell types: monocytes (A) and macrophages (B) were harvested at 48 h postinfection and assayed for TNF-� and IL-6
protein. On the x axis, the condition marked DV is virus alone (no sera) and the conditions to the right indicate the dilution factor of the DV sera.
The lower detection limit for the TNF-� and IL-6 assay was 218.75 pg/ml. Data are shown as the means  SD from 3 experiments representative
of 5 different donors.
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We confirmed IL-10 production differences among these clas-
sic haplotypes by stimulating monocytes from homozygous
GCC, ACC, and ATA donors with LPS and measured IL-10
protein in culture supernatants (Fig. 6C) and corresponding
mRNA levels (data not shown). An LPS dose-response curve
showing high-level (GCC), intermediate (ACC), and low-level
(ATA) IL-10 producers, as reported previously (56), was ob-
served with the use of monocytes in this study (Fig. 6C).

IL-10 promoter polymorphisms influence the IL-10 produc-
tion in monocytes undergoing ADE. To test the influence of
IL-10 promoter polymorphisms on ADE of DV infection,
monocytes were isolated from homozygous GCC (n 	 3), ACC

(n 	 3), and ATA (n 	 3) donors and subjected to the ADE
assay using the same dengue virus-immune serum and virus
stock. Culture supernatants were tested for the presence of
IL-10. Remarkably, all donors showed similar degrees of viral
infection at the peak enhancement titer (5 to 15%) but dem-
onstrated statistically different IL-10 levels (Fig. 6D to F). The
GCC haplotype individuals produced the highest levels of
IL-10 that coincided with ADE infection levels (Fig. 6D). In-
dividuals with homozygous ACC showed intermediate IL-10
levels while low to undetectable levels of IL-10 protein were
observed in homozygous ATA donors undergoing ADE (Fig.
6E and F, respectively).

ADE-associated IL-10 production in monocytes requires vi-
ral replication. We wondered if the IL-10 production under
ADE conditions was simply triggered by the interaction of
immune complexes with the Fc receptors on the monocytes’
cell surfaces. To test this, we isolated monocytes from high-
level IL-10 producers (GCC) and subjected these cells to the
ADE assay using intact DV in parallel with UV-irradiated DV.
Stimulation of monocytes with immune sera alone did not
induce cytokines (data not shown). Figure 7 shows the result-
ant ADE patterns. IL-10 production was observed only at
enhancement titers with intact DV. Using UV-irradiated DV
abrogated ADE and IL-10 production (P � 0.01).

Fc�RIIa and Fc�RI mediate ADE and IL-10 production in
primary monocytes. Fc�Rs reportedly mediate ADE in mono-
cytes/macrophage cell lines (26, 28, 36). Here, we tested GCC
haplotype donors (n 	 3) in this experiment in order to deter-
mine the role of these receptors in ADE and IL-10 production
in primary human monocytes. Purified monocytes were treated
with MAbs individually against Fc�RI, Fc�RIIa, Fc�RIIb, or
Fc�RIII or against all four receptors or with control Ab (IgG1
antibody). IgG1-treated monocytes and anti-Fc�RIII-treated
monocytes exhibited typical ADE while cells pretreated with
anti-Fc�RI or anti-Fc�RIIa showed significantly inhibited
ADE (Fig. 8A). Combining all specific anti-FcR antibodies
abrogated ADE altogether (Fig. 8A). Furthermore, using anti-
Fc�RI and anti-Fc�RIIa together was sufficient to abrogate
both infection and IL-10 production (not shown). We next
tested the supernatants collected from these FcR-blocking
studies to assess their role in IL-10 production (Fig. 8B). As
expected, IL-10 production was observed in monocytes pre-
treated with IgG1 control and in anti-Fc�RIII-treated mono-
cytes. However, IL-10 levels were significantly reduced in
monocytes pretreated either with anti-Fc�RIIa or anti-Fc�RI
antibodies. No IL-10 was observed when the monocytes were
pretreated with all 4 (anti-Fc�RI, -Fc�RIIa, -Fc�RIIb, and
-Fc�RIII) (Fig. 8B) or with both anti-Fc�RI and anti-Fc�RIIa
MAbs (not shown).

DISCUSSION

To our knowledge, this is the first detailed characterization
of dengue virus ADE (DV/ADE) in a primary cell culture
system in which all myeloid human DV target cells were de-
rived from single donors. We and others have described the
high degree of permissiveness of primary human dendritic cells
to DV infection in the absence of enhancing antibodies (1, 30,
39, 55, 58). Here, we observed an unexpected differential spec-
trum of ADE responses between primary human monocytes,

FIG. 3. Type I interferon (IFN-�/�) levels in primary DC and
monocytes in ADE experiments. ADE assays were performed for each
cell type, and supernatants were tested for type I interferons (IFN-�/�)
using ELISA kits. Open bars indicate IFN-� levels, and filled bars
indicate IFN-� levels from monocytes (A), iDC (B), and mDC (C).
Data are shown as the means  SD from 5 different donors. Samples
were run in duplicates. The lower detection limits of IFN-� and IFN-�
were 156 pg/ml and 25 pg/ml, respectively.
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macrophages, and DC. Macrophages and DC derived from
monocytes obtained from the same “autologous” donors were
identified morphologically and phenotypically (Fig. 1). These
cells expressed different arrays of Fc�R (Table 1), which may

influence responses to DV/ADE. Fc�RIIa was expressed dom-
inantly in all cell types (Table 1); this receptor has frequently
been associated with DV/ADE (1, 26, 28). All autologous my-
eloid cell types other than iDC supported ADE. Our prior

FIG. 4. Type I interferon (IFN-�/�) effects are modulated by ADE in macrophages. ADE assays were performed on macrophages, and
supernatants were tested for type I interferons (IFN-�/�) using ELISA kits. Open bars indicate IFN-� levels, and filled bars indicate IFN-� levels
from 3 different donors’ macrophages (A). (B) The results for a representative experiment, using donor 1, are shown for the blocking studies using
specific anti-IFN-�/� antibodies in macrophages. Flow cytometry results obtained under selected conditions with or without anti-interferon Abs
(arrows) are shown below the ADE curve.

TABLE 2. DV infection levels obtained with and without IFN-�/�-blocking antibodiesa

Condition
or serum
dilution

DV infection rate (%)

Donor 1 Donor 2 Donor 3


 anti-IFN-�/�
(PENT 	 1:640) � anti-IFN-�/� 
 anti-IFN-�/�

(PENT 	 1:10,240) � anti-IFN-�/� 
 anti-IFN-�/�
(PENT 	 1:10,240) � anti-IFN-�/�

Medium 0.13  0.09 0.38  0.29 0.34  0.11 0.23  0.20 0.14  0.10 0.24  0.21
DV*** 0.56 � 0.23 21.47 � 3.52 2.0 � 0.24 21.13 � 3.33 1.27 � 0.30 13.73 � 0.82
1:10 0.38  0.31 11.89  3.22 0.55  0.19 9.6  2.41 1.28  0.12 5.86  0.65
1:40 0.59  0.07 20.96  2.77 1.83  0.33 17.19  0.86 1.4  0.63 8.86  1.16
1:160 1.48  0.56 19.77  2.74 1.84  0.12 15.01  2.75 7.9  1.19 8.68  2.82
1:640 0.83  0.26 16.27  4.10 2.46  0.76 21.07  3.44 12.48 � 0.77† 10.83 � 1.87†

1:2,560 1.04  0.63 19.46  3.45 13.47  1.23 16.87  1.33 2.69  0.12 12.26  3.3
1:10,240 11.47 � 2.0† 15.97 � 3.22† 15.97 � 2.45† 17.23 � 3.0† 0.76  0.10 12.93  1.73
1:40,960 8.47  2.71 15  2.16 4.72  0.21 13.03  2.13 0.13  0.10 10.17  3.0
1:163,840 3.35  1.37 19.93  1.88 2.17  0.54 13.83  2.78 0.31  0.13 12.47  0.52

a Tabulated data from all conditions in the blocking experiments for the 3 representative donors in Fig. 4A. Bolded values highlight the blocking effects under direct
DV infection and at peak enhancement. The results from each group were compared using Student’s t test. ���, P � 0.001; †, not significant (P � 0.05).
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publication focused on ADE in DC and showed that the re-
fractoriness of immature DC to ADE resulted from a high
level of DC-SIGN and an equivalent (1:1) Fc�RIIa/Fc�RIIb
ratio. Fc�RIIb contains an inhibitory motif that may impede
ADE. The DC maturation process increases the expression of
Fc�RIIa and may lower DC-SIGN expression level, permitting
ADE (1).

We initiated studies of the mechanism of dengue virus ADE

in primary human myeloid cells by noting that in the presence
of enhancing concentrations of polyclonal human dengue an-
tibodies and at relatively low multiplicities of DV-2 infection
(biologically plausible doses), infection with monocytes, mac-
rophages, and mDC produced disproportionately greater out-
put of viral RNA and virions, as assayed using Vero cells, than
infection with DV-2 only. ADE in mDC resulted in a 3-log-
higher viral output (copy number) than direct infection and a

FIG. 5. Input virus titrations maximize direct infections for comparison to ADE. (A) Monocytes (upper) and macrophages (lower) were
exposed to increasingly high MOIs (1 to 50) without serum, and infection rates were compared to those observed at PENT with an MOI of 1.
(B) Direct infection using an MOI of 50 and downward titrations of MOI (1 to 0.001) for ADE in macrophages were compared. Four-fold dilutions
of serum concentrations (1/40, 1/160, and 1/640) were compared to the level for direct infection at an MOI of 50 (no serum). Viral outputs were
measured using qRT-PCR (copy numbers) and in plaque assays (titer) to confirm infectivity (upper). The lower panel shows the IFN-� (white bar)
and IFN-� (black bar) detected under these conditions. The lower detection limits of IFN-� and IFN-� were 156 pg/ml and 25 pg/ml, respectively.
The results from each group were compared using Student’s t test. �, P � 0.05.

TABLE 3. Input virus titration for comparison of viral output and interferon production in direct versus ADE infectionsa

Donor Serum dilution or condition
%

infection
rate

No. of viral RNA
copies/ml

No. of PFU/ml for
plaque assay

IFN-� concn
(pg/ml)

IFN-� concn
(pg/ml)

1 1:40 (MOI 	 0.01) 2.4  0.3 5.3 � 103  2.4 � 103 2.5 � 103  2.4 � 103 288.0 � 32.5 232.1 � 22.5
1:160 (PENT) (MOI 	 0.01) 5.4  1.1 3.2 � 107 � 4.2 � 107 5.5 � 106 � 1.2 � 106 58.3  11.9 84.8  32.5
1:640 (MOI 	 0.01) 2.2  0.6 6.9 � 103  1.9 � 102 2.7 � 103  1.9 � 103 27.0  5.2 55.5  15.2
Direct infection (MOI 	 50) 2.5  0.4 4.3 � 104  1.6 � 104 1.7 � 104  1.5 � 104 73.7  22.3 35.57  10.1

2 1:160 (MOI 	 0.001) 1.7  0.2 3.3 � 102  1.1 � 102 5.5 � 103  1.1 � 103 399.0 � 66.1 329 � 44.6
1:640 PENT (MOI 	 0.001) 4.9  0.5 5.9 � 107 � 2.4 � 107 4.3 � 106 � 2.2 � 106 142.9  14.69 104  23.9
1:2,560 (MOI 	 0.001) 2.4  0.5 2.3 � 103  1.1 � 103 4.6 � 103  2.4 � 103 98.7  40.3 152  32.4
Direct infection (MOI 	 50) 2.7  0.1 6.7 � 104  2.3 � 104 7.1 � 104  1.1 � 104 78.9  13.7 146  34.7

3 1:40 (MOI 	 0.01) 3.4  0.5 5.7 � 102  1.1 � 102 8.1 � 103  2.4 � 103 406.3 � 61.9 379.0 � 54.6
1:160 (PENT) (MOI 	 0.01) 9.2  0.8 8.9 � 107 � 4.1 � 107 7.8 � 106 � 1.1 � 106 138.3  34.7 82.0  6.08
1:640 (MOI 	 0.01) 4.5  1.0 6.8 � 103  2.3 � 103 3.6 � 103  1.6 � 103 101.7  36.9 138.0  9.6
Direct infection (MOI 	 50) 3.8  0.3 4.3 � 104  1.2 � 104 3.4 � 104  2.1 � 104 78.5  43.1 112.7  24.5

a Data are shown for all conditions for 3 representative donors, including infection rates, viral output, infectivity, and IFN-� and IFN-� production. High copy
numbers and high cytokine levels are shown in bold. Data show the means  SD from 3 independent experiments. The lower detection limits of IFN-� and IFN-� were
156 pg/ml and 25 pg/ml, respectively. The results from each group were compared using Student’s t test. �, P � 0.05.
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2-log increase in virion production per cell but only a 2.5-fold
increase in the number of cells infected. Macrophages and
monocytes showed similar 2-log increases in both viral RNA
and virions (plaque assay) (Fig. 1C and D) associated with 2- to
10-fold increases in cellular-infection rates. We specifically ad-
dressed the possibility that the observed increased production
of dengue virus simply resulted from the initiation of multiple
replicating dengue viruses via attachment and internalization
of infectious immune complexes by FcR-bearing cells. This was
approached by infecting primary human monocytes or macro-
phages using a range of increasing input or multiplicity of
infection (MOI) of D2-V up to a maximum of 50. In the
absence of antibodies, high DV-2 MOIs did not appreciably
change cellular-infection rate in comparison with that achieved
by ADE (Fig. 5A). Further, viral output per cell measured by
RNA production or plaque count always achieved higher out-

puts at peak enhancing antibody titer at a low MOI than did
infection at an MOI of 50 (Fig. 5B).

In our study, type I IFNs were not detected in monocyte
supernatants in cells infected via DV/ADE (Fig. 3A) by direct
assay, nor were biologically active type I IFNs demonstrated by
anti-interferon blocking studies. Macrophages, however,
showed a different pattern of type I IFN production (Fig. 4).
IFN-�/� levels were high in macrophage supernatants in the
presence of DV-immune complexes formed at low (neutraliz-
ing) dilutions of antibodies, but IFN levels fell at peak en-
hanced infection (ADE) antibody dilutions (Fig. 4A). Signifi-
cant increases in macrophage DV-2 infection rates at low
serum dilutions (0.8 versus 20%; P � 0.001) (Fig. 4B, left lower
panel) were observed with the blocking studies (Table 2),
whereas blocking IFN under peak ADE conditions resulted in
no significant changes in infection levels (11.5 versus 16%; P 	

FIG. 6. IL-10 promoter polymorphisms regulate IL-10 production. (A) Schematic diagram of human IL-10 gene showing the exon, AUG start,
untranslated regions and SNPs at positions 
1082, 
819, and 
592, modified from the method of Shin et al. (45). (B) PCR-RFLP analysis
performed with primers and restriction enzyme specific for positions 
1082 (lanes 1 to 3), 
819 (lanes 4 to 6), and 
592 (lanes 7 to 9). At position

1082, a 139-bp PCR fragment was amplified and digested with MnlI. The 
1082*G allele with a MnlI site demonstrated a 106-bp fragment. At
position 
819, a 209-bp PCR fragment was amplified and digested with MaeIII. The 
819*C allele demonstrated two fragments, 125 and 84 bp,
whereas 
819*T showed no splitting. At position 
592, a 412-bp PCR fragment was amplified and digested with RsaI. The 
592*A allele with
a RsaI site demonstrated two fragments, 236 and 176 bp, whereas the 
592*C allele without RsaI site produced cut pattern. (C) monocytes isolated
from homozygous GCC, ACC and ATA were stimulated with 1,10 and 100 ng/ml LPS. Culture supernatants were assayed for the presence of IL-10
and data are shown as the means  SEM for 3 donors from each haplotype. (D to F) Monocytes isolated from homozygous GCC (D), ACC (E),
and ATA (F) donors were subjected to the ADE assay and culture supernatants were analyzed for IL-10 protein. The results are shown as means 
SEM for at least 3 donors from each haplotype. The cytokine assay was performed in triplicate. The lower detection limit of the IL-10 assay was
125 pg/ml. �, P � 0.05; ��, P � 0.01.

VOL. 85, 2011 ANTIBODY-DEPENDENT ENHANCEMENT OF DV INFECTION 1679



0.44) (Fig. 4B). Our observations suggest that type I IFNs
suppress infection by DV-2 in the absence of antibody in mac-
rophages (e.g., “anti-viral state”), but at peak DV/ADE, the
IFN production and effects were downmodulated. In DC, as
illustrated in Fig. 3B and C, IFN-� is released in the presence
of high levels of DV-2 infection. Others have previously re-
ported that DV antagonizes IFN-� production via the down-
regulation of Tyk2-STAT signaling (8, 21, 18, 46). In summary,
each myeloid cell type exhibited different type I interferon
profiles after exposure to DV-immune complexes. Differences
in interferon production at the cellular level could be an im-
portant determinant of viremia, subsequent immune re-
sponses, and potentially disease severity, depending on the
predominant infected cell type(s) and its context and location
(48, 50, 51).

FcR ligation can modulate patterns of cytokine production,
most notably IL-12 and IL-10, with complete abrogation of
IL-12 transcription after Fc�R ligation (13, 53) and rapid and
dramatic increase in IL-10 transcription (12, 54). In our stud-
ies, we did not detect IL-12 under any conditions. IL-10 pro-
tein production was restricted to monocytes and mainly de-
tected in cells during ADE (Fig. 6). We consider detection of
IL-10 protein as important because many cell types contain
IL-10 transcripts but do not secrete protein (42). However,
confirmatory IL-10 mRNA detection experiments were con-
ducted with GCC donors after stimulation with LPS or under
ADE conditions, both of which supported our findings (not
shown). In general, the maximum IL-10 levels correlated with
peak enhancement of infection (Fig. 6D and E and 7). Our
data indicate that in monocytes, ADE-induced IL-10 produc-
tion required viral replication (Fig. 7) and was not mediated
solely by Fc receptor ligation or by potential LPS contamina-
tion in the viral preparation (Fig. 7), as the UV-irradiated
samples did not induce IL-10. Several studies link elevated
plasma/serum IL-10 levels to severe dengue disease (5, 11, 14,
40), while other studies show that circulating monocytes are
highly infected late during clinical DV infections or after vac-
cination with recombinant dengue virus vaccines (9). Two re-

ports have documented higher serum IL-10 levels in patients
with severe disease than in those with mild secondary infec-
tions (33, 43). Several viruses that target monocytes/macro-
phages induce host IL-10 and/or produce their own IL-10 ho-
mologues to dampen the host immune response and thereby
delay their elimination from the host (44). Elevated levels of
IL-10 are associated with susceptibility to a variety of infectious
diseases (47). Recent in vitro studies of infection by Ross River
virus and DV-immune complexes showed that entry via the
Fc�R pathway suppressed the expression of LPS-induced an-
tiviral genes and enhanced IL-10 production (3, 25, 29). We
observed in monocytes infected with enhancing immune com-
plexes that IL-10 production had little effect on DV/ADE
infection of cells. It is possible that the well-described IL-10
immune modulation is mediated through bystander effects (7),
as IL-10 inhibits DC maturation, antigen presentation, and T
cell proliferation and generally suppresses immune responses
(38, 42, 49). These data raise the question of whether IL-10
secretion to DV/ADE occurs in vivo.

In heterogeneous human populations, the capacity for IL-10
production differs between individuals and correlates with the
genetic composition of the IL-10 locus. Approximately 75% of
the variation in IL-10 secretion capacity derives from genetic
factors, and these genetic differences, in turn, contribute to
disease susceptibility (23, 35, 57). While we observed qualita-
tively consistent IL-10 secretion patterns in all donors, quan-
titatively the protein levels differed. Variations in human IL-10
secretion are influenced by genetic promoter polymorphisms,
with the most intensively studied single nucleotide polymor-
phisms (SNPs) at positions 
1082, 
819, and 
592 5� of the
transcriptional start site. The 
819 polymorphism is in linkage
disequilibrium with the 
592 polymorphism; 
819C and

592C are inherited together, and the same is true for 
819T
and 
592A. Together, these SNPs combine to form the “clas-
sic” haplotypes GCC, ACC, and ATA; the haplotype GTA is
indeed extremely rare (56).

Here, we report the first association between IL-10 pro-
moter polymorphisms and the level of IL-10 production in an
in vitro primary monocyte DV/ADE infection model. Using
dengue virus, we proposed that the IL-10 promoter haplotype
(GCC, ACC, or ATA) was linked to the IL-10 protein levels
detected in culture supernatants from individual donors’
monocytes undergoing ADE, recalling that IL-10 was not de-
tected in the absence of serum. The GCC donors showed the
highest levels, while ACC donors showed intermediate levels
and ATA donors produced very low levels of IL-10 (Fig. 6). It
seems possible that ADE dengue virus infection of monocytes
is a potential source of IL-10 in vivo. Of interest, similar DV
infection rates were observed in monocytes (10 to 15%) across
all donor haplotypes, despite dramatically different levels of
IL-10 production.

Since Fc receptors mediate ADE in all FcR-bearing cells (1,
26, 28) and Fc�RIIa mediates ADE in DC, we explored which
receptors were involved in ADE and IL-10 production in
monocytes. As monocytes express both Fc�RI and Fc�II, we
focused our blocking experiments (Fig. 8A and B) using spe-
cific anti-Fc�RIIa and anti-Fc�RI and used anti-Fc�RIII as a
“negative” control to illustrate the critical function of these
receptors on ADE in primary monocytes. Interestingly, for
anti-Fc�RIIa and anti-Fc�RI, blocking of either these recep-

FIG. 7. IL-10 production requires viral replication and ADE.
Monocytes were isolated from homozygous GCC donors (high-level
IL-10 producers) and assayed for ADE. The supernatants were tested
for IL-10 production using either live DV-2 stock virus (black bars) or
UV irradiated DV-2 (white bars). Results from one experiment rep-
resentative of 3 independent experiments performed in triplicate are
shown. All data points are means  SD. ��, P � 0.01.

1680 BOONNAK ET AL. J. VIROL.



tors alone markedly reduced ADE infection rates (�50%) and
essentially abrogated all monocyte IL-10 production under
ADE conditions (Fig. 8B). The potent combination of anti-
Fc�RI, -IIa, and -III antibodies eliminated all infection and
IL-10 production. It would appear that Fc�RIII does not play
a role in ADE in monocytes, as shown in Fig. 8; perhaps this is
correlated with the dim Fc�RIII expression on the cells’ sur-
faces (Table 1). Some small decreases in direct-infection rates
were observed with the use of IgG and or Fc�R antibodies that
could have nonspecifically sterically hindered infection.

We identified myeloid cell-type-specific ADE responses us-
ing an autologous system that allowed direct head-to-head
comparisons at the cellular level. Study of different myeloid
cell types identified important differences in response to den-
gue virus infection in the absence or presence of enhancing

dengue antibodies. These differences are not observed in hu-
man myeloid cell lines, likely due to their inherent clonal and
transformed nature. It seems reasonable to verify observations
in primary cells when attempting to reach broad mechanistic
conclusions from ADE studies with cell lines. In vivo, DV/ADE
infection of these different primary cell types may lead to
different effects in terms of viremia, cytokine patterns, and
disease severity, especially under enhancement conditions. Pri-
mary human myeloid cells offer diverse genetic backgrounds
and avoid transformation or immortalization effects and
thereby may be especially relevant for clinical associations and
hypotheses generation. As an example, our model provides a
link to a clinical finding in a recent study suggesting a role for
IL-10 production and IL-10 promoter polymorphisms in a den-
gue cohort in Cuba. Differences in the frequencies of the C

FIG. 8. Blocking Fc�RI and Fc�IIa abrogate ADE-associated IL-10 production in primary human monocytes. Shown are ADE infection
patterns (A) and IL-10 production levels (B) under ADE conditions in monocytes treated with control IgG and specific anti-Fc�RI, -IIa, -IIb, and
-III MAbs. The experiments were performed in triplicate, and the bars represent means  SEM for 3 donors. The results from each group were
compared using Student’s t test. ��, P � 0.01; ���, P � 0.001.
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allele in the position 
592 locus observed between DHF pa-
tients and other Cubans experiencing a silent second dengue
virus infection suggest a relationship between IL-10 production
and severity of infection (43). There are wide geographic vari-
ations reported for genotype frequencies of IL-10 promoter
polymorphisms, and Asian populations, in particular, have rel-
atively low frequencies of the GCC phenotype (3% versus
20%) compared to Caucasian populations (32, 41). Follow-up
to our observations should entail the systematic exploration of
IL-10 promoter polymorphisms in dengue patients with differ-
ent clinical outcomes in different geographic locations.

Using primary human myeloid cells, it may be possible to
identify DV receptors and address ADE mechanisms by dis-
secting out requisite molecules for entry and postentry effects
and to describe immune responses at the cellular level. But to
study dengue pathogenesis in humans, we must understand
what is happening in infections in situ where myeloid cells are
not alone and do not respond to viral infection in isolation.
Care must be taken to keep in vitro observations in context.
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